INTRODUCTION
The task of accurately estimating the reaeration coefficient in oxygenmodeling studies remains a primary concern to researchers. In lotic systems the reaeration coefficient has been directly estimated by deoxygenating a parcel of water and measuring its DO as it travels downstream (Gameson et al. 1955) ; by measuring the loss of radioactive-gas tracers (Tsivoglou et al. 1965 (Tsivoglou et al. , 1968 or hydrocarbons (Rathburn et al. 1975; Ruane and Kim 1979) from a water parcel; by measuring the rate of change of the concentration of gaseous oxygen (Copeland and Duffer 1964) or carbon dioxide (Hood and Kelley 1976) inside a floating dome, or helmet; and by predictive equations (reviewed by Zison et al. 1978; Wilcock 1982) . Predictive equations, for the most part, have not been applied to lentic systems because of their greater complexity and the lack of understanding of the important turbulentmixing processes affecting reaeration. The only direct measurement techniques commonly used in lentic systems are floating-dome, or helmet, techniques.
In view of the foregoing, the primary purpose of this study was to evaluate the suitability and effectiveness of the floating-dome oxygen method, as described by Copeland and Duffer (1964) and the U.S. Geological Survey ("Methods" 1987) , for providing valid and scientifically sound reaeration estimates in lentic systems. This critique is supported by simple theoretical calculations and experimental data.
EXPERIMENTAL STUDY
The floating-dome method described by Copeland and Duffer (1964) uses a plastic dome to trap air above a water surface so that the exchange rate between oxygen and the underlying water can be directly measured with an oxygen probe inside the dome. In the present study, oxygen-exchange rates in three different size domes (labeled A, B, and C) were measured numerous times, in some cases for periods of up to 25 hr, and results were compared with actual free-oxygen-exchange measurements. Dome volumes from 0.001 to 0.044 m 3 , surface areas from 0.054 to 0.442 m 3 , and surface-area-tovolume ratios from 7.4:1 to 54.1:1 were investigated in a small pool using municipal tap water ( Dissolved-oxygen levels were continuously recorded above and below the water surface in the dome using Cole-Parmer strip-chart recorders connected to Model 7932 Leeds and Northrup dissolved-oxygen meters and probes. The probes were factory calibrated and frequently checked against Winkler dissolved-oxygen titrations and against the 100% saturation level for oxygen in saturated, distilled water. The free-exchange (pool) volumetric gas-transfer coefficient k values (g/m 3 /h) were calculated from oxygen increases in the pool per unit time and compared with calculated dome volumetric gastransfer coefficient k values. The Copeland and Duffer (1964) dome calculation method, with corresponding examples, is presented later in this paper.
EXPERIMENTAL RESULTS
Results from the dome method and from the measurement of free atmospheric exchange are compared in Fig. 1 . Dome data showed no significant correlation with the actual oxygen exchange taking place under various outdoor and indoor conditions in the pool (Fig. 1) . After the initial outdoor measurements with domes A and B, it was thought that the measurement accuracy could be improved under the more closely controlled conditions of the laboratory where wind and wave effects would not be a factor. The pool was brought into the lab and filled with tap water that was almost completely deoxygenated with sodium sulfite and cobalt chloride catalyst. The initial oxygen level in the pool (1.0 mg/L) increased to 2.5 mg/L after 6 hr, yielding an exchange rate k of 0.27 g/m 3 /h. Results from dome B, however, indicated no oxygen exchange occurred (Fig. 1) .
After the tests of domes A and B, dome C was designed to decrease the volume of the dome relative to the exposed surface area so that the oxygen diffusion could be more easily observed. A second indoor test was then performed using dome C for 25 hr, with an initial oxygen level of 4.9 mg/L and a final oxygen level of 6.6 mg/L in the pool. The pool temperature decreased by 2.5° C during this time, and actual and dome volumetric transfer rates k of 0.068 and -0.015 mg/m 3 /h, respectively, were calculated. Another indoor test with dome C indicated that the exchange rate was again in error, yielding a volumetric dome transfer rate k of -0.18 g/m 3 /h compared to a pool exchange rate k of 0.017 g/m 3 /h. It was apparent that under the quiescent conditions of the lab, the dome method did not indicate oxygen transfer and, in fact, showed negative transfer rates. This was true even under high-saturation deficits of 7-8 mg/L. A final analysis involving simultaneous measurements from domes A and B showed that dome values did not correlate with each other or with actual free-exchange measurements (Table 2) .
EXAMPLE CALCULATION
It is apparent from the collected experimental data that the Copeland and Duffer (1964) dome method did not provide accurate gas-transfer coefficients. Each case lacked a significant statistical correlation between measured dome-oxygen-exchange k values and actual oxygen exchange. After a review of the methodology it became evident that an error exists in the ap- 
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plication of the gas laws applied by Copeland and Duffer (1964) in their original work. This misapplication results in an indication of gas exchanges, while in reality, the resulting data are due to ordinary diurnal temperature variations. An example calculation for the conditions of Table 3 demonstrates the manner in which this error can be induced by a temperature decrease. The method of calculation published by the U.S. Geological Survey ("Methods" 1987) for the application of the Copeland and Duffer (1964) dome method is used in this example calculation. In this case, assume that inside the dome the water is saturated, that there is no change in oxygen concentration, and that there is a 15° C decrease in the air temperature. The following formula is used to calculate the volume of oxygen in the dome at the beginning and end of the sample interval (USGS, 1987):
where V, = volume of oxygen in the dome at time t ( where AV = change in volume of oxygen in dome at STP (ml); V, = volume of oxygen in the dome at the beginning of the interval (ml); V 2 = volume of oxygen in the dome at the end of the interval (ml); fi = temperature in the dome at the beginning of the interval (°C); t 2 = temperature in the dome at the end of the interval (°C); and 273 = factor for converting to absolute temperature (K) yields
AV =
273 (525) 273 ( However, the actual volume of gas in the dome decreases with temperature in accordance with gas laws; and the final volume V 2 should be corrected to show this decrease in volume as follows: V 2 does not equal 2,500 as would be indicated using the Copeland and Duffer (1964) methodology published by the U.S. Geological Survey (1987) . Using the correct value of V 2 in Eq. 2, the oxygen level in the dome is (2,378)(0.21)(100/100), or 499.4 ml. Adjusting this value to STP (Eq. 2) results in the determination that no gas exchange, and therefore no oxygen diffusion, has occurred, as follows:
273 (525) 273 ( 
COMMENTS
The example presented shows that in a case in which there is only a temperature change and no change in oxygen concentration in the dome, the Copeland and Duffer (1964) method of calculation introduces an error. A small, uncompensated error can create a spectrum of results depending on the saturation deficit of the system. As changes in diurnal temperature increase, the error also increases, resulting in values for "gas exchange" when little or none may have actually occurred. Cooling of the dome provides for an apparent increase in the oxygen-transfer rate into the body of water being tested. During the day, however, when sunlight heats the dome, the opposite effect occurs, and the error provides an apparent reduction in the rate of transfer. Dome heating can produce a greenhouse effect that causes very high temperatures in the dome. This does not necessarily represent the actual field temperature of the free atmosphere-water interfacial region, which is where gas transfer takes place. Belanger (1986) employed the dome method in the Florida Everglades and found temperatures in the dome routinely varied by as much as 20° C between night and day, compared to maximum in-situ field variations of 10° C.
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Another source of error can result from Copeland's (1964) assumption that the floating dome maintains a constant hydrostatic head on the water and therefore that a constant pressure in the dome is maintained. It should be recognized that the dome has a finite mass and that its buoyancy characteristics will vary with the volume of gas in the dome. Should the temperature increase within the dome, a corresponding increase in pressure and gas volume will force some water out of the dome. The result is the establishment of a new hydrostatic equilibrium position, which in turn causes the dome to float at a higher level on the water. It is reasonable to expect that both the pressure and gas volume in the dome will increase when the temperature increases and decrease when the temperature decreases. Although volume errors due to this effect should usually be slight, the Copeland and Duffer (1964) methodology does not compensate for them.
Finally, it is obvious that in placing the dome over the natural surface, one disrupts the very process being studied, and that this can result in large underestimates of reaeration. This may be the greatest problem in the dome technique. The friction of air moving over the water increases reaeration by reducing the impedance to transfer over that which would be experienced if the air were stagnant, as it is in the dome (Broecker and Peng 1984) . Data from Yu and Hamrick (1984) and Downing et al. (1955) indicate that below a critical wind velocity of approximately 3.0 m/s, reaeration is unaffected by wind speed, and above 3.0 m/s, reaeration increases significantly; the dome reduces the wind velocity below this critical level.
CONCLUSIONS
Dome techniques are the only direct-measurement methods commonly used for reaeration estimates in lentic systems (USGS: "Methods" 1987). The results from dome techniques occasionally appear in the literature (Devol et al. 1987; Dierberg and Goulet 1986; Fontaine and Ewel 1981; Hood and Kelley 1976) . Our analysis of the Copeland and Duffer (1964) dome method demonstrated great differences between volumetric oxygen-exchange rates (k g/m 3 /hr) calculated from dome data and free-exchange measured over time in experimental pools. Further analysis revealed that the dome often causes unrealistic heating and cooling effects and that temperature and pressure changes within the dome change the volume of gas inside, resulting in oxygen-transfer calculation errors not taken into account in the methodology. Because of these problems and because the dome may underestimate reaeration by creating stagnant air conditions (by protecting the water surface beneath it from full in-situ reaeration contributions from wind-wave turbulence), we feel the method is an inaccurate and unreliable technique.
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